Amplified spontaneous Raman emission under picosecond pulse pumping is studied in detail both experimentally and numerically. It is found that the Raman output pulses are noise-like with partial coherence, which has important implications for various applications. Numerical simulation reproduces the finding well, along with the temporal and spectral dependence of the Raman pulse on the pump pulse energy. The numerical simulations of the temporal, spectral, and energy evolution of the Raman and pump pulse along the fiber gives insight on how to design such sources.
INTRODUCTION
Ultrafast fiber lasers have been proven to have extensive applications in industry, medicine, defense, and scientific research [1] [2] [3] [4] [5] . Usually ultrafast fiber lasers use rare-earth-doped fibers as a gain medium, which, however, can emit ultrashort pulses only in limited spectral range. Stimulated Raman scattering (SRS) has the advantage of wavelength agility as a gain mechanism, which can solve the problem of limited gain bandwidth of the rare-earth-doped fibers, and extend the field of application of ultrafast pulsed lasers.
Compared with the Raman lasers based on a mode-locked oscillator, amplified spontaneous Raman emission (ASRE) by pulse pumping is a simpler method to generate a wavelengthagile ultrafast laser. Such sources open up new possibilities in spectroscopy and photoacoustic imaging, etc. [6, 7] . Note there were a number of studies on the noise characteristics in ASRE [8, 9] . But the characteristics of the ultrafast pulse generated by amplified spontaneous Raman scattering have never been investigated carefully, which are very important for the applications.
In this paper, we investigate the pulse characteristics of ASRE under picosecond pulse pumping both experimentally and numerically. Notably, it is found experimentally for the first time that the Raman output pulses are noise-like but with partial coherence, which has important implications for various applications. With a model based on the generalized nonlinear Schrödinger equation (GNLSE), numerical simulations reproduce the finding well, along with other experimental observations including Raman pulse energy and spectrum dependence on pump pulse energy. The numerical simulations also give us insight on the Raman and pump pulse evolution along the fiber, which cannot be observed experimentally without much effort.
EXPERIMENTAL SETUP AND RESULTS
An experimental diagram of the amplified spontaneous Raman emission generation is shown in Fig. 1 . The pump pulse is based on a mode-locked fiber laser that can emit a near transform-limited soliton pulse with a pulse width of 15 ps and a spectral width of 0.1 nm. In order to increase the walk-off length between the pump pulse and Raman pulse, the pump pulse is broadened by going through a long piece of singlemode fiber before amplification. The pump pulse is broadened to about 45 ps and the spectral width is 3 nm. The Raman fiber is a piece of 60 m long PM980 fiber. After the Raman fiber, a 1064/1120 nm wavelength-division multiplexer (WDM) is used to separate Raman light and residual pump laser.
The ASRE reaches a critical point at a pump pulse energy of 15 nJ. The pulse energy of the Raman light is plotted against the pump pulse energy in Fig. 2(a) . Near the point, the output experiences a gradual increase, which is a typical feature of spontaneous Raman emission generation and amplification. After the point, the output increases linearly with respect to the pump power. A maximum of 19 nJ at 1120 nm is obtained at a pump pulse energy of 35 nJ. Further increase of the pump pulse energy results in a drop-off in output due to the generation of the second Raman Stokes light. Spectra of the Raman light under several pump pulse energies are presented in Fig. 2(b) , which shows the evolution of Raman light with increasing pump pulse energy. At high pump pulse energy, the second Raman Stokes light increases quickly and the first Raman Stokes light stops increasing.
Because temporal details of the Raman output pulses with width in the level of picosecond cannot be resolved by common oscilloscopes, a commercial autocorrelator is used to investigate characteristics of the Raman pulses in the time domain. An autocorrelation trace of the Raman light at a pump pulse energy of 33 nJ is presented in Fig. 3(a) as a typical example. It shows a narrow spike on a wide pedestal. Such a pulse is considered as a noise-like pulse [10] [11] [12] [13] [14] , which is in fact a packet of fluctuating and stochastic subpulses. It has lower coherence but higher peak power when compared to regular ultrashort pulses with the same overall width. Therefore, noise-like pulses have extensive applications in harmonic generation [15] , Raman conversion [16, 17] , and supercontinuum generation [18] [19] [20] [21] [22] [23] , as well as applications in imaging and sensing systems with high temporal and/or spatial resolution [24] .
Pulse width defined as full wave at half-maximum of the pedestal is plotted against the pump pulse energy in Fig. 3(b) . The pulse width increases together with the pump pulse energy, which is caused by the threshold effect and femtosecond energy transferring in SRS, and also other nonlinear effects.
Normalized height of the pedestal in the autocorrelation trace contains information on the correlation among the subpulses and the coherence of the pulses. For pulses consisting of complete random subpulses, the normalized height of the autocorrelation trace pedestal is 0.5; a normalized height of larger than 0.5 means existence of coherence in noise-like pulses [25] . The normalized height of the pedestal is plotted as a function of pump pulse energy in Fig. 3(b) as well. It is found that the normalized height is always larger than 0.5 and increases with respect to pump pulse energy, and the highest height is 0.81. This means that the noise-like pulses generated by amplified spontaneous Raman emission are partially coherent, which has never been noticed and discussed in the literature. Since ASRE is a simple method to obtain wavelength-flexible partially coherent picosecond noise-like pulses and has numerous applications, it is significative to make a detailed investigation about it.
NUMERICAL MODEL
In order to understand the pulse formation process in ASRE, a model based on the GNLSE is used to simulate pulse evolution in the Raman fiber:
The left-hand side of Eq. (1) models linear propagation effects, A denotes the slowly varying pulse envelope of the pulse, z refers to the pulse propagation distance, T is the pulse local time, α indicates the linear power attenuation, and the β 2 is the group velocity dispersion [26] , which causes pulse broadening. The right-hand side models nonlinear effects, concluding selfphase modulation (SPM), and Raman effects. γ is the nonlinear coefficient. Rt is the nonlinear response function, including SPM and Raman response function h R t, it is modeled as [27] 
where f R 0.18 is the fractional contribution of the delayed Raman response [27] [28] [29] , which is calculated by the peak Raman gain, τ 1 is 12.2 fs, and τ 2 is 32 fs [27] . Θt is the Heaviside step function and δt is the Dirac delta function [26] . The time domain of the h R t can be speculated by the Raman gain spectrum. More accurate forms of the 
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Raman response function have also been investigated by Hollenbeck and Cantrell [30] . The process of ASRE under picosecond pulse pump is simulated by solving the model with the fourth-order RungeKutta method, which has been proven valid in simulation of supercontinuum generation [26, 31] and synchronously pumped Raman fiber laser [32] . Similar to the experiment, the pump pulse is also a transform-limited sech pulse with a temporal width of 15 ps first in the simulation. Then the transform-limited pulse goes through a long piece of fiber to be broadened in both the time and frequency domains. When the length of the long fiber is about 200 m, the temporal and spectral widths of the pump pulse are close to the experiment. The energy of the pump pulse is adjusted by changing the pulse peak power and the pulse duration keeps unchanged. A white Gaussian noise with an average power of 10 −9 W is added in the base of the pump pulse to simulate the spontaneous Raman emission. The Raman fiber is a piece of 60 m long fiber according to the experiment. The GVD, β 2 , and the nonlinear coefficient, γ, of the Raman fiber are set to 0.024 ps 2 ∕m and 0.005/W/m, respectively. The simulation is a theoretical calculation of the laser pulse evolution along the Raman fiber, in which the Raman pulse is generated and amplified. In the simulation, the temporal window is 450 ps, and the corresponding spectral window is about 1500 nm, which ranges from 700 nm to 2200 nm. Most of the simulated results are obtained from a single simulation apart from the spectra.
SIMULATION RESULTS AND DISCUSSION
In the experiment, we have characterized the relation between the pump pulse and the first Raman Stokes pulse. So in the simulation, we investigate the pulse energy, spectrum, and temporal properties of the ASRE pulses with respect to the pump pulses. Figure 4 (a) plots the calculated output pulse energy versus pump pulse energy. As seen in Fig. 4(a) , after the threshold, the Raman output increases almost linearly with respect to the pump. And it reaches a maximum at the threshold of the second Raman Stokes. These observations match the experiment well. There are discrepancies in the exact output energy and the threshold values, which we believe is due to the uncertainty in pump pulses and nonlinear coefficient of the Raman fiber. The uninformed exact temporal shape and chirp of the pulse in the experiment influence the Raman conversion greatly.
The nonlinear coefficient depends on the exact mode field diameter of the fiber, which also varies from batch to batch.
The spectral evolution is also calculated in the simulation. Figure 4(b) shows the simulated evolution of the Raman light spectrum as the pump pulse energy increases. Compared with the experimental results in Fig. 2(b) , the intensity of the pump pulse is higher in these spectra. The reason is that in the experiment there is a WDM filter after the Raman fiber to remove the residual pump, which is absent in the simulation. The evolution of the Raman light spectrum fits the experimental observation well qualitatively. The first Raman Stokes light increases quickly with increasing pump energy, and stops increasing after the second Raman Stokes is generated. However, the simulation results look noisier than the experimental results. That is because in the experimental measurement process the spectra are effectively averaged over several pulses.
The exact waveform of the picosecond pulses cannot be measured in the experiment. Autocorrelation measurement was used to characterize the time domain property of the pulses. Therefore, in the simulation, we calculate the autocorrelation traces of the output pulses for comparison with the experiments. A typical autocorrelation trace is shown in Fig. 5(a) , which is similar to the experiment. The width and normalized height of the autocorrelation pedestal are plotted with respect to the pump pulse energy in Fig. 5(b) . The width of the autocorrelation pedestal increases with the pump energy. At the highest pump, it decreases due to the generation of the second Raman Stokes. The normalized height of the autocorrelation pedestal increases with the pump. All these tendencies are the same as observed in the experiments. These simulation results reproduce the partially coherent noise-like pulse generation in ASRE well. It proves that the amplified spontaneous Raman emission process generates partially coherent noise-like pulses.
A pivotal advantage of numerical simulation is that it can reveal information that is not possible or easy to observe in the experiments. The pulse evolution along the optical fiber and the details of the pulse waveforms are examples.
Temporal and spectral evolutions of the pump and Raman pulse along the fiber are simulated, and the results for the case of 38 nJ pump energy are shown in Fig. 6 . The ASRE starts from noise and becomes significant at a fiber length of about 15 m. The Raman pulse walks ahead of the pump pulse due to the normal chromatic dispersion at this wavelength band. The Raman pulse is not well defined due to the continuing conversion from the pump pulse along the fiber. Only the preceding part of the pump pulse is converted to Raman pulse while the tail of the pump pulse has no contribution to the Raman conversion, because of the dispersion-induced walk-off effect. The spectrum of the 1120 nm Raman pulse is broadband and tanglesome. The fluctuating nature of the output spectrum is related to the noise-like pulse output. Figure 7 (a) plots the calculated waveform of the laser pulse emitting at the end of the 60 m Raman fiber. Figure 7(b) is the waveform after filtering the pump light spectrally. The preceding part of the 1064 nm pump pulse is transferred to the Raman pulse and depleted significantly. The Raman pulse is indeed noise-like, which contains stochastic subpulses. And the Raman pulse exceeds the pump pulse for about 100 ps due to the normal chromatic dispersion.
In practice, the information on the evolution of the Raman pulse energy along the fiber is important for fiber length optimization, which is therefore investigated numerically as well. As shown in Fig. 8 , with the increase of the fiber length, the Raman Stokes pulse grows quickly at a point where it reaches threshold, and saturates only after a few meters of propagation. The Raman Stokes pulse energy tends to be stable after 25 m, because of the walk-off effect. The Raman pulse and pump pulse become spatially separate at longer fiber length. Therefore, the fiber length of 60 m in the experiment is too long. A maximum of about 25 m is needed for efficient Raman conversion. Figure 8 (a) plots the case of 38 nJ pump pulse, while Fig. 8(b) plots the case of 53 nJ pumping. The second Raman Stokes light is generated at higher pump energy, and it saturates quickly as well.
CONCLUSION
Amplified spontaneous Raman emission under short pulse pumping is a simple and economic way to generate a wavelength-agile ultrafast laser for various applications. The output pulse characteristics of amplified spontaneous Raman emission under picosecond pumping are investigated both experimentally and numerically. It is found that the Raman output pulses are noise-like with partial coherence, which has important implications for applications concerned with peak power and coherence. A model based on the generalized nonlinear Schrödinger equation is used to numerically simulate the process, which reproduces the finding and other experimental observations well. It proves that the amplified spontaneous Raman emission process generates partially coherent noise-like pulses. The numerical simulation also gives us insight on the Raman and pump pulse evolution along the fiber, which is helpful in designing the source. Fig. 7 . Calculated waveform of (a) the laser pulse and (b) the Raman pulse (which are normalized to their peak values, respectively). Fig. 8 . Evolution of the Raman and pump pulse energy in the fiber at (a) 38 nJ pump pulse and (b) 53 nJ pump pulse, respectively. At 38 nJ pumping, the second Raman Stokes is negligible.
